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Abstract
The neonatal period in humans and in most mammals is characterized by intense mother-young interactions favoring pair
bonding and the adaptation of neonates to their new environment. However, in many post-delivery procedures, human
babies commonly experience combined maternal separation and intense handling for about one hour post-birth. Currently,
the effects of such disturbances on later attachment and on the development of newborns are still debated: clearly, further
investigations are required. As animals present good models for controlled experimentation, we chose domestic horses to
investigate this issue. Horses, like humans, are characterized by single births, long lactating periods and selective mother-
infant bonds. Routine postnatal procedures for foals, as for human babies, also involve intense handling and maternal
separation. In the present study, we monitored the behavior of foals from early stages of development to ‘‘adolescence’’, in
a normal ecological context (social groups with adults and peers). Experimental foals, separated from their mothers and
handled for only 1 hour post-birth, were compared to control foals, left undisturbed after birth. Our results revealed short-
and long-term effects of this unique neonatal experience on attachment and subsequent social competences. Thus,
experimental foals presented patterns of insecure attachment to their mothers (strong dependence on their mothers, little
play) and impaired social competences (social withdrawal, aggressiveness) at all ages. We discuss these results in terms of
mother-young interactions, timing of interactions and relationships between bonding and subsequent social competences.
Our results indicate that this ungulate species could become an interesting animal model. To our knowledge, this is the first
clear demonstration that intervention just after birth affects bonding and subsequent social competences (at least until
‘‘adolescence’’). It opens new research directions for studies on both humans and other animals.
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Introduction
The early post-birth period of humans and of most mammals is
characterized by intense mother-young interactions [1–2] that
help neonates adapt to their novel postnatal environment [3–8]
and that appear to favor mother-infant bonding [9–10]. Although
new mothers are considered to play an active part in initiating
contacts with their babies [11], newborns also seek contact with
their mothers soon after birth. Newborns are also able to regulate
their mother’s attention as well as the initiation and maintenance
of breastfeeding [10,12,13]. When human babies are left on their
mothers’ abdomens during their first hour post-birth, they are able
to locate the breast, crawl towards it, grasp a nipple and begin to
suckle without any assistance [14–16]. However, many maternity
routines involve both separation and intensive handling at that
precise stage: bathing, weighing, anthropometric measurements,
eye ointment, clothing and wrapping in a dry sheet tend to occur
before rooming-in with the mother [17] that can sometimes be
delayed for up to 4 hours postpartum [18].
Some studies highlight the importance of extended mother-
young contacts following birth to obtain optimal pair bonding
[19–21] and successful breastfeeding [16,22], but other reports
found no beneficial effects [23–25]. Therefore, this issue is still
highly debated despite of more than 40 epidemiological or clinical
studies. More than early mother-neonate contacts, the timing of
interactions, as well as the types of handling involved, may be at
stake and explain discrepancies between studies. On the one hand,
the timing of events set by young in natural situations [1,15] can
be disrupted by neonatal procedures. Studies of postpartum
contacts are generally based on the analysis of frequencies of
mother - infant contacts without taking into account when they
occur [26]. However, Hales et al. [27] mentioned that when
prolonged contacts with mothers were delayed for 12 hours,
positive effects were reduced compared to when contacts were
allowed immediately after birth [26]. Babies kept with their
mothers, thus allowing suckling to occur within the first
50 minutes post-birth, were more efficient than those who had
been separated from their mothers for 1 hour [22]. According to
Jansson et al. [28], separation and handling could interfere with
the infant’s inborn ability to signal hunger. On the other hand,
newborns may be stressed by handling per se: according to Long et
al. [29], 75% of the hypoxemia events observed in a nursery
intensive-care unit were related to handling including suctioning
and injections or mere diaper or position changing, physical
PLoS ONE | www.plosone.org 1 April 2009 | Volume 4 | Issue 4 | e5216
examinations or feedings. Some authors, like Klaus & Kennell
[18], argued recently for an ‘‘urgent need to reevaluate routines’’
and the elimination of unnecessary handling. Whether regulations
were still appropriate in 2002 [18] or are now in 2008, remains
debatable. Besides, the question of which aspects may be altered
by disturbances at this early stage needs to be thoroughly
examined.
Most authors in favor of extended contacts report their influence
on maternal responsiveness or bonding [26–30] and on abandon-
ments [31,32], but to date few reports give information from the
infant’s point of view. Some reports indicate, when early contacts
did not occur, sleep disturbances, lower body temperatures, higher
respiratory rates and higher levels of crying during separation
[5,6,17,28], more crying during the first week of life [26] and lower
suckling competences [13,16,22,33]. The long-term effects of this
early experience (being separated, handled or not, having suckled
during their first hour or later) remain unknown, apart from a few
indications concerning 3- or 5- year old children [19]. Further
investigations are clearly needed to evaluate the importance of the
occurrence of maternal separation and handling after birth, as well
as the timing of mother-neonate interactions, for the young’s
behavioral development, especially bonding and, later, attachment.
We hypothesized that the stress due to maternal separation at this
precise stage (when young should be actively bonding through first
feedings) associated with the possible stress of being handled and/or
the non-respect of the neonates’ ‘‘behavioral agenda’’ could induce
insecure attachment and its longer term correlates, such as higher
dependency on the mother and lower social competences [34,35].
Responses concerning humans are difficult to obtain, as later social
events and interactions with peers may lower potential effects and
longitudinal studies until adulthood last many years. Animal models
could yield interesting information, especially as the prenatal and
early postnatal stages are the stages when congruence with humans
is the highest [36]. Although the pertinence of animal models for
developmental studies may be contested, studies of animals remain a
source for ideas and research directions [36], as illustrated by the
development of the concept of attachment based on early
ethological studies [37,38].
During the last decades, short- and long-term effects of
disrupted maternal care have been studied in laboratory rats
and non-human primates extensively. Early handling of rats does
not induce stressful reactions and can even decrease stress-related
behavioral and neuroendocrine responses to stressors in adulthood
[39–43]. However, longer separations can cause long-term
negative effects, as adults can present increased fear-related
behavior and accentuated neuroendocrine response to stress
[40,42,44]. Studies of non-human primates, focusing largely on
the effects of the permanent removal of mothers, reveal, among
others, long-term deleterious effects on social development, such as
inappropriate expression of agonistic interactions, decreased play
and social inhibition [45–47]. Even a single separation from their
mothers (e.g. 6 days) induces robust negative effects [48,49], the
juveniles then present all the features of insecure attachment [50]:
they spend less time away from their mothers after being reunited,
explore and play less. Data concerning the effects of experience at
birth on these privileged animal models are nevertheless relatively
scarce. Besides, most animal studies have been made in socially
restricted environments [36] and family structure and maternal
behavior of females differ greatly between rats and non-human
primates (e.g. rats: 8–16 pups per litter and interrupted periods of
maternal care; non-human primates: 1 or 2 young at a time and
continuous contact with mother; 51, 52).
Female horses, like most primates, have only one young at a
time and stay with their young continuously during the early
postnatal stages [53]. Bonding occurs rapidly, forming a unique
dyadic relation [53] and foals react strongly to short separations
from their mothers [54]. Suckling appears to be a major event for
the establishment of mother-young bonding for these species
[56,57]. Long-term effects of neonatal and postnatal experience
have been evidenced in foals. Handling foals during their neonatal
period induces durable mistrust of humans [58], but more
interesting still, human interference at first suckling leads to
insecure attachment to their mothers and lower social competence
when subsequently interacting with peers [59], suggesting, as for
humans, a link between quality of attachment and later social
competences [34,35]. Despite differences in developmental and
autonomy stages between horses and humans, horses appear to be
an interesting animal model to test short- and long-term effects of
neonatal maternal separation and handling. Their relatively rapid
development allows monitoring of foals from ‘‘infancy to
adolescence’’ [60].
Routine neonatal procedures for foals, as for human babies,
involving injections, drying and physical examinations, were
extended during the last decades under the influence of a
veterinarian who promoted the idea of ‘‘imprinting’’ newborn
foals [61]. This procedure involves taking the foals away from their
mothers (who stay nearby) just after birth and handling them for
about an hour. Until now, the possible effects of these routine
procedures on the foals’ behavioral development are not known.
As for babies, they imply a rupture of contact with their mothers,
prevent the young from being active and interfere with the
‘‘temporal agenda’’ of bonding. In the present study, we therefore
investigated the possible short- and long-term effects of this
neonatal procedure on attachment and later social competence of
foals maintained in an ‘‘ecologically pertinent’’ environment,
namely in paddocks with peers and other mothers.
Our results show that foals submitted to a single 1-hour bout of
maternal separation and handling just after birth, compared to
controls with no such history, present immediate and delayed
behavioral and social disturbances, including insecure attachment
to their mothers and lower social competences, lasting at least until
prepuberty. This is remarkable as no further handling or separation
from their mothers occurred during that period while they lived
continuously in their usual social setting. This is to our knowledge
the first demonstration showing that interference during the
neonatal stage has lasting and profound effects. This finding opens
new research directions for both human and animal studies.
Results
Foals handled when neonates (experimental group) were
compared to control foals that were left undisturbed with their
mothers after birth. All mares were 5 to 15 years old and all had
previous maternal experience. Both groups of foals were observed
at different stages, including the neonatal, suckling (when 6
months old), weaning (when 7 months old) and prepuberty stages
(when 12 months old). Particular attention was paid to mare-foal
distances, exploration and play, as these traits characterize the
attachment of young to their mothers [50,59,62]. We know that
foals tend to initiate distancing from their mothers [63,64].
We observed no incidence of foal rejection in either of the two
groups. No differences between males and females concerning any
of the behavioral traits or any stage were evidenced (Mann-
Whitney U-test: for all behavioral measures, p.0.05).
Short-term effects of the neonatal intervention
Control newborn foals left undisturbed with their mothers
immediately after birth developed an orderly sequence of
Neonatal Handling
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behaviors, including glances oriented towards their mothers, first
standing up and locomotion, and first suckling. Control neonates
first stood up ([16–111] min post-birth) and nursed ([37–161] min
post-birth) less than two hours after birth, agreeing with previous
reports [65]. The neonatal procedure considerably delayed these
first two important developmental stages. Experimental foals
(physically separated from their mothers and handled immediately
after birth) first stood up ([77–127] min post-birth, Mann-Whitney
U-test: n E = 9, n C= 10, U=18, p = .015) and suckled ([123–206]
min post-birth, U= 19, p = 0.019) significantly later after birth
(table 1). The fact that time between first suckle and first stand up
did not differ significantly between experimental foals and controls
(U= 42, p = 0.77) suggests a delay in the time course of postnatal
events rather than lowered capacities of experimental foals
subsequent to handling (table 1).
However, experimental foals presented some short-term
disturbances, not observed in controls, such as trembling [5 out
of 9] (Fisher’s exact, p = 0.01), fast-breathing [7 out of 9]
(p,0.001) and abnormal sucking patterns prior to nursing [9
out of 9] (p,0.001). Inappropriate suckling patterns included
excessive chewing (X¯E = 4.661.3 occurrences/hour) and/or teat-
seeking (X¯E = 2.761.0 occurrences/hour) directed ‘‘at the air’’ or
the handler and not towards their mothers. All experimental foals
[9 out of 9] also struggled during handling (mean: 11.4061.49
attempts to stand up) prior to remaining lying motionless with high
muscle tone.
Medium-term effects on mother-young attachment
Observations in usual situations. When observed at later
stages (when 6 months old) in paddocks where they lived with
other mare-foal pairs, early-handled foals appeared more depend
on their mothers: they kept shorter distances (fig. 1a), interacted
preferentially with their mothers rather than with same-age peers
(Wilcoxon: t = 1, p= 0.017; fig. 1b, table 1) and played less
frequently (U=20, p = 0.036, table 1), especially social play
(fig. 1c). Only 2 of the 9 early-handled foals engaged in social play,
whereas almost all control foals [9 out of 10] did (p = 0.017,
table 1). In fact, the longer foals remained close to their mothers,
the less they played (Spearman correlation: r =20.87, p= 0.001)
or interacted with peers (r =20.62, p = 0.004). Experimental foals
explored even less and more reluctantly in the presence of new
‘‘objects’’ such as an unfamiliar human standing motionless in the
paddock: only three of them [3 out of 9] approached and
investigated the unfamiliar human, whereas almost all controls [9
out of 10] readily left their mothers and approached the human
(Fisher’s exact, p = 0.017). Only socio-emotional features seemed
to be involved, frequencies of exploration, locomotion, resting
standing, urinating, defecating and self-grooming did not differ
significantly between early-handled foals and controls (Mann-
Whitney U-test: n E= 9, n C= 10, for all, p.0.05).
Reactions to separation from mother. When first isolated
from their mothers for weaning (when 7 months old), foals of both
groups emitted similar levels of vocalizations [a good indicator of
social stress; see 54,65] (X¯C= 14.0862.80 occurrences/hour;
X¯E = 12.9660.82 occurrences/hour, U=40, p.0.05) and
aggressiveness towards peers (X¯C= 1.7260.96 occurrences/hour;
X¯E = 1.8360.87 occurrences/hour, U=33, p.0.05), suggesting
apparent similar levels of stress. After the second day post-weaning,
the emotional reactions of controls clearly decreased. Conversely,
the experimental foals [4 out of 9] continued to display high levels of
vocalizations (fig. 2a) and non-nutritional sucking (fig. 2b) even four
days after weaning, and fewer of them engaged in either solitary or
social play (Fisher test: p = 0.037, fig. 2c).
Long-term effects on social development
When they were one year old (prepuberty), foals, which have
been separated from their mothers 4 months previously, were
housed in same-age groups. Most activities, including grazing,
locomotion, exploration and resting of foals handled as neonates
did not differ significantly from those of controls, but social
Table 1. Early-handled and control foals’ behavioral characteristics from birth to the age of one year.
Stage of development Measurements p-value Control Early-handled
Neonatal period Duration (min) of the handling procedure / 70.263.1
Number of foals with abnormal suckling activities ,.001 [0 out of 9] [9 out of 10]
Number of foals with fast-breathing ,.001 [0 out of 9] [7 out of 10]
Number of foals with excessive trembling .01 [0 out of 9] [5 out of 10]
Latency (min) to foal first stand .02 59.4612.2 101.764.5
Latency (min) to foal first nurse .02 103.6612.4 151.2611.2
Latency (min) to foal first nurse after first standing NS 44.269.9 49.5610.4
Suckling period (6 months) Time (%) spent at ,1 m from the dam .01 10.9061.66 23.7864.22
Time (%) spent interacting with the dam .005 5.2061.43 8.4461.47
Time (%) spent at .10 m from the dam .02 55.90611.32 33.11611.32
Time (%) spent interacting with same-age peers .001 7.8060.91 2.8961.53
Time (%) spent in social play activities .05 4.4061.28 1.7861.19
Number of foals involved in social play .02 [9 out of 10] [2 out of 9]
Prepubertal stage (12 months) Time (%) spent at ,1 m from same-age peers .02 74.2262.64 62.3063.98
Mean number of affiliative behaviors per hour .05 6.7860.81 5.1960.73
Mean number of agonistic behaviors per hour .08 2.6960.28 3.8860.38
Ratio frequency of affiliative/agonistic behaviors .05 2.9360.67 1.4061.20
aMann-Whitney U-test.
bFisher test.
doi:10.1371/journal.pone.0005216.t001
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behavioral profiles appeared to be influenced by early experience.
Experimental foals tended to withdraw socially (table 1): they spent
significantly more time at greater distances (.1 m) from their
same-age peers (X¯E = 38.7063.98%) than did controls
(X¯C = 25.7862.64, U=20, p = 0.02). More interesting, early-
handled foals tended to be more aggressive towards their peers
and to interact agonistically more than did control foals (U=23,
p = 0.08; table 1). Control foals displayed almost three times more
affiliative behaviors than agonistic behaviors (t = 0, p,0.001), but
experimental foals did not show this tendency (p.0.05).
Discussion
Our observations, from infancy to adolescence, of young horses
that differed only by their neonatal experience revealed short-,
medium- and long-term effects of early experience on attachment
and later social competence. Foals that were submitted to a routine
procedure consisting in being physically separated from their
mothers immediately after birth and handled for a just one 1-hour,
presented patterns of insecure attachment to their mothers (strong
dependency on their mothers, little exploration or play) and
impaired traits of social competence (increased withdrawal and
aggressiveness, impaired play) from an early age to young
adulthood, while other behavioral features were not affected.
These results underline the importance of this early stage for
appropriate social development, despite later experience with
peers. These findings have general consequences for future
Figure 1. Social behavior of 6-month old early-handled and
control foals. A- Time (%) spent at various distances from mother, B-
Frequency of mother- and peers-oriented behaviors such as sniffing and
mutual grooming, C- Frequency of social and solitary play. Mann-
Whitney U-test and Wilcoxon test: * p,0.05, ** p,0.02, *** p,0.005.
doi:10.1371/journal.pone.0005216.g001
Figure 2. Reactions of 7-month old early-handled and control
foals when definitely separated from their mothers (weaning).
A- Percentage of foals emitting vocalizations the day of weaning and
the four following days, B- Percentage of foals attempting to suckle
another foal (non-nutritional sucking), C- Percentage of foals playing.
Fisher test: * p,0.05, *** p,0.001.
doi:10.1371/journal.pone.0005216.g002
Neonatal Handling
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research and invite scholars to reconsider post-birth procedures in
many domestic mammals, but also in humans.
Handling stress or reaction to maternal separation?
In the present study, our neonatal procedure involved early
handling associated with loss of contact with the mother and, as a
consequence, disturbances in the time course of neonatal
development, including the first mother-young interactions and
pair bonding.
Handling per se was obviously stressful for newborn foals, given
their strong defense reactions (foals struggled many times) that
preceded a period of apparent relaxation (foals remained lying
motionless, but presented high muscle tone) that may correspond
to a ‘‘learned helplessness’’ [66] as suggested by some authors [67;
Sigurjo´nsdo´ttir & Gunnarsson, personal comm]. Human neonates
appear to experience excessive handling as a stressful event,
increasing cortisol levels, levels of crying and grimacing and, in
most serious cases, leading to hypoxemia [29,68,69]. Most
surprisingly is that even simple routine care, like standardized
nappy change, may increase heart rate and stress behavioral
responses [70,71]. In addition to these short-term effects, early
adverse experiences, in particular during the neonatal period, can
cause long-term behavioral and neurobehavioral after-effects,
involving higher vulnerability to stress and the development of
abnormal behavior [72,73]. As due to perinatal brain plasticity,
early experience, whether adverse or positive, can lead to
permanent shifts in the hypothalamic-pituitary-adrenal (HPA)
axis, reflecting reactivity to stress [42,72–74].
If the developmental stage at which a stressful event occurs may
enhance their degree of severity, being separated from the mother
may also enhance their negative impact. The presence of, and
contacts with, mothers reduce the stress responses of both human
and animal offspring [3,8,75]. Various forms of maternal contacts,
such as skin-to-skin contact [3,8,70], olfactory cues [14] and
suckling [72,76,77] can attenuate behavioral (distress calls and
grimacing) and physiological (heart rate) responses to aversive
procedures. Therefore, neonates no doubt experience higher levels
of stress when exposed to stressors without their mothers. In
addition, enduring highly stressful events without receiving
responsive maternal care may alter the development of secure
attachment. Considering Bowlby’s [42] conceptualization of
attachment as a ‘‘behavioral safety-regulating system’’, several
authors [34,50,79–83] suggested that maternal sensitivity to infant
distress could be particularly relevant for the formation of a secure
attachment relationship. A reduced amount of maternal behavior
subsequently induces higher levels of emotionality, poor play and
reduced social competences in non-human primates [84,85],
suggesting insecure attachment [50]. We can therefore question
whether lack of maternal care and responsiveness around birth, at
the precise period when neonates are expecting intense maternal
stimulations [12,86] and are submitted to ‘‘the stress of being
born’’ [20], contributes to the development of attachment
insecurity. Therefore, not surprisingly, the present study shows
that routine procedures combining lack of maternal responses and
stress have long-term effects.
Impact on mother-young interactions
These procedures prevent neonates from establishing contact
with their mothers and from perceiving olfactory cues known to
favor their adaptation to the outside world [8,14,20]. These events
are thought to play important roles in the development of mother-
young recognition and bonding in many mammal species
(humans: 14, 87; ungulates: 88–90; rats: 91). Maternal separation
per se is a great source of stress for newborns. The severity of effects
may be stronger in highly precocious species (e.g. foals), as bonding
naturally occurs very shortly and rapidly after birth, in comparison
to less precocious (e.g. human or non-human primates) or highly
altricial ones (e.g. rodents). But, even human babies separated
from their mothers at birth emit distress cries that decline abruptly
when maternal body contact is reinstated [5,92]. Similarly,
exposure to familiar maternal odors or tactual and thermal stimuli
reduces levels of locomotor activity and distress calls by isolated
neonate animals [93,94]. Suckling provides comfort and analgesia
[10,76,77]. In addition, some authors suggest that uninterrupted
mother-young contact after birth facilitates first suckling by human
infants, and successful first suckling is an important step for pair
bonding in several mammal species [17,56,57,95]. Thus the first
few suckling sequences are crucial for lambs to develop a mother
preference, which is mediated by colostrum [56]. Ingestion of milk
activates the endogenous opioid system that plays an important
role in supporting associative learning [96]. Suckling appears to be
a key event for appropriate bonding in mammals, for instance, the
schedule with which rat pups are given milk on one occasion
affects their response during the following nursing bout, even
24 hours later [97], suggesting that, in addition, timing of suckling
is important.
The importance of timing
More than early maternal separation, disturbances in the timing
of mother-young interactions may explain the deleterious effects it
has on attachment. Human assistance at first suckling, by altering
the timing normally chosen by newborn foals in natural situations
[65], induced suckling difficulties (reluctance to take the nipple) and
affected the establishment of secure attachment to their mothers
[59]. Our procedure delayed timing of first suckling. Similarly,
human newborns, who experienced maternal separation immedi-
ately after birth, suckled less efficiently than did newborns left
undisturbed with their mothers [25]. Moreover, when forced to
suckle instead of being allowed to suckle spontaneously, newborns
place their tongues inappropriately around the nipple [33].
Therefore, findings in both humans and foals strongly suggest that
letting individuals ‘‘set the agenda’’ [25,98,99] and be actors of their
own development, especially when crucial events and/or periods
(e.g. suckling) are involved, may be a major element ensuring
normal behavioral development. In addition, the non-respect of the
timing of the first mother-young interactions and suckling may
affect mutual adjustment of emotional and attentive states between
neonates and their mothers (referred as attunement) that contribute
to subsequent attachment security [100,101].
Attachment and social competences
Our results indicate that foals handled post-birth and physically
separated from their mothers showed not only insecure attach-
ment to their mothers, but also lower levels of social competence
despite daily experience with peers. Interestingly, a previous report
suggested a similar influence of human interference at first suckling
[59], confirming the link between quality of attachment and
subsequent social competence in humans and non-human
primates [34,35]. In the present study, early-handled foals
remained close to their mothers during their first months and
thereby did not develop extensive social relationships with peers.
They expressed impaired social skills after their definitive
separation from their mothers: they withdrew socially and
presented higher levels of aggressiveness towards peers. Under
normal conditions (control foals), these two types of relationships
emerge sequentially, the first (relationship with mother) subse-
quently declining over the very same chronological period during
which the second (relationships with peers) increases [65]. Each
Neonatal Handling
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type of relationship provides young foals with specific stimulations
that the other either cannot (e.g. nursing) or typically does not (e.g.
play with peers). However, as suggested by our results, among
others [38,50,59], the history of mother-young interactions can
influence the set of relationships with peers. Attachment theory
predicts that the quality of the mother-child tie has important
implications for the social development of a child [38,50].
Insecurely attached children focus unduly on their mothers, even
when external stress is minimal, and consequently interact less
with peers compared to securely attached infants that are able to
use their mothers as a secure base for exploration [104,105].
Bowlby [38] suggested that infants with histories of secure
attachment developed positive expectations concerning their
relationships with others, an inclination to be closely involved
with others, as well as social and emotional capacities that promote
social competence. Sroufe et al.’s [35] longitudinal study from
early childhood to adulthood revealed significant links between
secure attachment and social competence (e.g. expectations of
relationships, engagement with others, skills in interactions,
popularity etc.) at all ages. Our results support these findings
and underline the potentialities of our animal model.
What animal models for developmental research?
Appropriate animal models provide interesting food for thought
about human behavior and development concerning long-term
effects of early experience on subsequent behavior. Gottlieb and
Lickliter [36] argue that experiments on ‘‘nonhuman species with
behavioral and psychological repertoires that are similar to
humans […] may throw light on seemingly related behavior in
human beings’’. To date, research on the short and long terms
effects of early postnatal manipulations of mother-young relation-
ships has been mainly on laboratory rats, as their development is
rapid and their mechanisms can be easily studied [106,107], and
to a lesser extent on non-human primates and in particular rhesus
monkeys whose maternal behavior, early environment and
development present important similarities to those of humans.
However, ‘‘classical’’ animal models, although they have proved to
be extremely useful, may, for some reasons, be more questionable
when behavior and/or ecological contexts are too different.
Mother rats usually give birth to large litters (8–16 altricial
pups). They respond maternally to any pup present in their nest
and do not seem to recognize individual pups or to form individual
bonds [106]. During the first 2 weeks post-birth, intensive
maternal care occurs in regular bouts of retrieving, licking and
nursing, lasting approximately 1 hour, separated by 15–30 minute
periods during which mothers leave their nest and litter [51].
Experimental procedures include daily maternal separation and
handling, either for short (15 min/day, referred to as early
handling) or long periods (3–6 h/day, referred to as maternal
separation). However, most reports focus on effects and responses
associated with stressful circumstances and relatively fewer studies
address the extent to which these particular neonatal manipula-
tions influence the development of non-stressful behavior, like
social behavior [107]. Moreover, the maternal behavior of female
rats, with discontinuous periods of maternal care, may explain the
low reactivity or even the positive responses of rat pups to short
maternal absences and human handling. On the contrary,
repeated brief bouts of separation increase foals’ sensitivity to
maternal separation [e.g. 5*10 min., 55], as for humans and non-
human primates [48,49]. Lastly, the presence of littermates during
maternal separation may partly explain the absence of effects on
social play frequency in pups submitted to either short or long
periods of separation from their mothers [107], conversely to foals
and non-human primates [45–47].
On the other hand, many studies have investigated the short-
and long-term effects of rhesus monkey infant-mother interactions,
mostly as a result of the chronic absence of maternal care [108].
Contrary to rodents, non-human primates are relatively well-
developed at birth, grow moderately postnatally and their infants
are singletons. Mothers provide maternal care (nursing, carrying,
licking and grooming) and develop selective bonds with their own
young. The early stage of development is usually characterized by
continuous mother-infant contact [52]. As for these species loss of
maternal contact at an early age is an abnormal situation,
maternal deprivation and even short episodes of maternal
separation lead to acute long-term disturbances [45–49].
To date, very little experimental research both on non-human
primates and on rodents has investigated the effects of a single
bout of maternal separation and intense handling immediately
after birth, at a time when mothers and infants initiate their first
contacts [2]. Although most animal studies concern socially
restricted environments [36], it is important to consider develop-
ment in ‘‘ecological’’ contexts that include peers and adults in
complex social environments [109]. This was possible in the
present study on horses, which, although not classically used as
animal models, have enabled us to shed light on, and raise new
questions about, the impact of routine post-delivery procedures on
human development [59]. Post-delivery routines for foals, as for
human babies, involve intense handling, maternal separation and
sometimes assistance at first suckling. In addition, horses present
many human-like characteristics, since mares give birth to a single
young (which implies no interference with littermates), respond
selectively to their own newborn and stay with their young
continuously during the early postnatal stages [54]. Moreover,
although developmental and autonomy stages differ between
horses and humans, the precocial state of foals and their short
maturation time [65] make them suitable for both longitudinal
studies and investigation of filial attachment. Therefore, results of
experimental studies based on this animal model could provide
important information on the impact, from early age to adulthood,
of neonatal experiences.
Conclusion
This present study, based on a horse model, is, to our
knowledge, the first report demonstrating that a short intervention
immediately after birth, like a single 1-hour episode of maternal
separation and handling, can have effects on the young’s
behavioral, social and emotional development from birth to at
least adolescence. We anticipate our study to be a starting point for
important new developments on questions such as the importance
of very early first mother-young contacts, the active role played by
young in bonding and the biobehavioral substrates of attachment
both in humans and animals.
Materials and Methods
All test procedures and experiments were conducted in
accordance with the French regulations governing care and use
of research animals.
Subjects and housing
Subjects were 19 French Saddelbred mares and their foals
(Equus caballus), 11 females and 8 males, all born at the ‘‘Station
expe´rimentale de Chamberet’’ (France) and all maintained under
the same conditions from birth. A few days before parturition,
mares were stabled in a 464 m foaling stall equipped with a
monitoring camera and were observed for signs of parturition
every night. Delivery was not assisted and all newborn foals
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received minimal care apart from the application of an antiseptic
on their umbilical stump. During the first five days post-birth, foals
spent nights with their mothers in individual box stalls (foaling
stall) and were turned out during daylight hours into a pasture with
other mares with foals. From the age of 5 days until weaning, all
animals were maintained outdoors day and night. Foals were
weaned when they were 7 months old and then permanently
separated from the mother. They were then kept outdoors for
another month. During the winter period (when they were 8–12
months old), they were housed in groups of 6 or 7 foals, in
10 m650 m pens. From the age of 12 months until the end of the
experiment, they returned to 100 m6250 m paddocks and stayed
outdoors. Animals were fed with concentrates twice a day when
indoors and once a day when outdoors. Water and roughage were
available ad libitum.
Experimental groups and procedure
Foals were allocated to one of two treatments on the basis of
foaling date, sex and sire: a control group (n= 10; 6 females, 4
males), that included foals and mares left undisturbed after birth
and primary care (disinfection of the umbilical stump); and an
experimental group (n= 9; 5 females, 4 males) that included foals
that had been handled following a routine procedure by an
experienced experimenter in the presence of their mothers.
This handling procedure, developed by the veterinarian R.
Miller (1991), consisted in handling foals within the 10 minutes
following birth, immediately after routine post-natal care (as
described above) and before they stood up. During this procedure,
foals were restrained and maintained in a recumbent position,
while the experimenter stroked them all over their body and
exposed them to novel tactile stimuli such as a white towel, a
plastic bag and a spray of water. Each stimulus was repeated until
the foal remained immobile during the procedure. During the
procedure, the mother was in visual contact with her newborn
foal, but could not sniff or lick it ad libitum due to human
presence. The early handling procedure lasted 72.163.4 [52–
84] minutes and was performed by a single handler. At the end of
the procedure, mothers and foals were left alone. All experimental
and control foals were left undisturbed to suckle their mothers.
Apart from this early experimental handling procedure, both
experimental and control groups received similar limited human
contact necessary for routine procedures (mostly feeding and
changes of pasture). They were under identical management and
groups were mixed at pasture.
Behavioral observations and assessments: time-budget
and social behavior
All foals were observed at four stages: (1) during their early
postnatal period, (2) when they were 6 months old and still with
their mothers, (3) at weaning, (4) and lastly when they were 1 year
old, a prepubertal stage in horses. Observations were video- or
tape-recorded and transcribed later. All observations were
performed by one observer blind to the observed foal’s treatment.
During the immediate postnatal period and when in the foaling
stall, the foals’ behavior was recorded continuously using focal
sampling and 1-minute scans until first suckle was achieved [61].
Particular attention was paid to latencies of the first important
developmental stages (latencies to stand up and to suckle) and to
potential suckling difficulties, excessive trembling or fast-breathing.
At later stages, foals’ behavior was recorded at pasture every
2.5 minutes for 2 hours every day for 4 or 5 consecutive days
(200–250 scans per foal) [61]. Observation periods, between
10:00am to 15:00pm, changed every day following a rotation
schedule. Each scan recorded the following behavioral items:
locomotion, exploration, grazing, feeding, drinking, resting
standing, sternal or lateral recumbence, self-grooming and
interactions with mother (only prior to weaning) or with other
social partners, such as approaches, following, sniffing and mutual
grooming. Play patterns were divided into: solitary play (including
manipulation of an object and locomotion play) and social play
(with mother or peers).
Prior to weaning (when foals were 6 months old), we evaluated
mother-foal relationships paying particular attention to mother-
foal spatial relationships (contact, 0 to 1 m, 1 to 5 m, 5 to 10 m, 10
to 30 m, .30 m), frequencies of suckling and of other mother-
oriented behaviors. At this stage, foals usually explore their
environment at some distance from their mothers [30]: they
generally spent most of their time (60%) more than 5 m from their
mothers, while, for instance, interacting and playing with same-age
peers [36,61]. High levels of exploration play and initiatives to
move away from their mothers are assumed to be good indicators
of secure attachment to their mothers, in horses as in other
mammal species [34,35].
At weaning (when 7 months old), foals’ responses to maternal
separation were recorded. Under natural conditions, weaning
occurs only when the next foal is born, i.e., when they are around
one year old [30,62]. Early weaning under domestic conditions is
currently assumed to be a source of high emotional, physical and
physiological stress, mainly due to the abrupt rupture of the
mother-foal bond and to the change in housing and feeding
practices. Foals generally present strong reactions to their
separation from their mothers during the first 48 hours post-
weaning [38,39]. In the present study, foals were weaned in their
familiar pasture and were fed with the concentrates and hay that
they had previously experienced with their mothers. Foals’
reactions were observed on the day they were separated from
their mothers and on the following four days.
At a prepubertal stage (12 months old), foals were observed
again at pasture, in the presence of their peers. At this prepubertal
stage, domestic foals commonly live with same-age peers with
whom they may have developed strong social bonds [62,63].
Particular attention was paid here to foals’ distance to their nearest
neighbors (contact, 0 to 1 m, 1 to 5 m, 5 to 10 m, 10 to 30 m,
.30 m) and to social behavior. Additional focal sampling [60]
recorded social interactions for details on frequency (occurrences
per hour) and type of social behavior expressed by each yearling:
we recorded continuously all affiliative behaviors (social play,
initiation to play, following, olfactory investigation and mutual
grooming) and agonistic behaviors (threats, bite, kick and chase).
Test procedure: Reactions to humans
Subjects were tested when they were 6 months old to estimate
their reactions to unfamiliar stimuli placed in their environment.
Using a classical test [41,64], we evaluated foals’ ‘‘willingness’’ to
leave their mothers to explore an unfamiliar human standing
motionless 10 m away from the group in the pasture. This test was
performed when mares were grazing. We recorded the identity of
each foal that moved away from its mother, approached and
contacted the experimenter physically (sniffing, licking…). All
observations were performed by one experimenter who was blind
to the foals’ treatment.
Data analyses
Instantaneously recorded group scans yielded two types of data:
(1) percentages of records of different behavioral items (time-
budget), and (2) times (in percentage) spent at different distances
from mother or nearest neighbor (social proximity). Results are
expressed in % (mean6standard deviation). Group continuous
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recording yielded mean numbers of occurrences of social
interactions per hour (social behavior). Results are expressed in
frequencies (mean6standard deviation).
Statistical analyses
As our data did not fit a normal distribution, we used non
parametric statistical tests [110]: Mann-Whitney U-tests compared
two independent samples (e.g. sex differences, early-handled and
control foals’ time-budget, social behavior and responses to
humans); Wilcoxon t-tests compared matched paired data and
Spearman tests evaluated correlations. These tests were performed
on discrete variables (number of occurrences, latencies) and
frequencies, but results are expressed in %. Moreover, Fisher tests
on frequencies compared behavioral profiles between groups
(presence or absence of behavioral traits). Significance threshold
was p=0.05.
Acknowledgments
The authors thank the Director of the ‘‘Station Expe´rimentale de
Chamberet des Haras Nationaux’’ (M. Arnaud) for allowing this study to
take place and all the staff for their help during their stay. Many thanks to
C. Bourguet, J. Bardet and A. Marie for their assistance in collecting data,
as well as Carol Sankey and Ann Cloarec for correcting the English.
Author Contributions
Conceived and designed the experiments: SH MARY MH. Performed the
experiments: SH. Analyzed the data: SH MARY MH. Contributed
reagents/materials/analysis tools: SH. Wrote the paper: SH MARY ST
MH.
References
1. Hofer MA (1987) Early social relationships: A psychobiologist’s view. Child
Develop 58: 633–647.
2. Poindron P, Schaal PB (1993) Parent-infant relationships in Mammals: factors
of control and psychobiological implications. In: Thibault C, Levasseur MC,
Hunter RHF, eds. Reproduction in Mammals and Man INRA Ellipses. pp
553–565.
3. Acolet D, Sleath K, Whitelaw A (1989) Oxygenation, heart rate and
temperature in very low birthweight infants during skin-to-skin contact with
their mothers. Acta Paediatrica Scand 78: 189–193.
4. Christensson K, Cabrera T, Christensson E, Uvnas-Moberg K, Winberg J
(1995) Separation distress call in the human neonate in the absence of maternal
body contact. Acta Paediatrica 84: 468–473.
5. Christensson K, Siles C, Moreno L, Belaustequi A, De La Fuente P, et al.
(1992) Temperature, metabolic adaptation and crying in healthy full-term
newborns cared for skin-to-skin or in a cot. Acta Paediatrica 81: 488–493.
6. Goldstein-Ferber S, Makhoul IR (2004) The effect of skin-to-skin contact
(kangaroo care) shortly after birth on the neurobehavioral responses of the term
newborn: a randomized, controlled trial. Pediatrics 113: 858–865.
7. Mooncey S, Giannakoulopoulos X, Glover V, Acolet D, Modi N (1997) The
effect of mother-infant skin-to-skin contact on plasma cortisol and b-endorphin
concentrations in preterm newborns. Infant Behav Dev 20: 553–557.
8. Klaus MH, Jerauld R, Kreger NC, McAlpine W, Steffa M, et al. (1972)
Maternal attachment: importance of the first postpartum days. N Engl J Med
286: 460–463.
9. Matthiesen AS, Ransjo-Arvidson AB, Nissen E, Uvnas-Moberg K (2001)
Postpartum maternal oxytocin release by newborns: effects of infant hand
massage and sucking. Birth 28: 13–19.
10. Winberg J (2005) Mother and newborn baby: mutual regulation of physiology
and behavior. A selective review. Dev Psychobiol 47: 217–229.
11. Klaus MH, Kennell JH, Plumb N, Zuehlke S (1970) Human maternal
behaviour at the first contact with her young. Pediatrics 46: 187–192.
12. Als H (1977) Communication in infancy and early childhood: The newborn
communicates. Journal of communication. pp 66–73.
13. Varendi H, Porter RH, Winberg J (1994) Does the newborn baby find the
nipple by smell? Lancet 344: 989–990.
14. Blass EM, Teicher MH (1980) Suckling. Science 210: 15–22.
15. Koepke JE, Bigelow AE (1997) Observations of Newborn Suckling Behavior.
Infant Behav Dev 20: 93–98.
16. Klaus M (1998) Mother and infant: early emotional ties. Pediatrics 102:
1244–1246.
17. Bystrova K, Widstro¨m AM, Matthiesen AS, Ransjo¨-Arvidson AB, Welles-
Nystro¨m, Wassberg C, Vorontsov I, Uvna¨s-Moberg K (2003) Skin-to-skin
contact may reduce negative consequences of ‘‘the stress of being born’’: a
study on temperature in newborn infants, subjected to different ward routines
in Saint Petersburg. Acta Paedriatrica 92: 320–326.
18. Klaus M, Kennell J (2001) Commentary: Routines in Maternity Units: Are
They Still Appropriate for 2002? Birth 28: 274–275.
19. Klaus MH, Jerauld R, Kreger NC, McAlpine W, Steffa M, et al. (1972)
Maternal attachment: Importance of the first post-partum days. N Engl J Med
286: 460–463.
20. Carlsson SG, Fagerberg H, Horneman G, Hwang CP, Larsson K, et al. (1978)
Effects of various amounts of contact between mother and child on the
mother’s nursing behavior: follow-up study. Infant behavioral development 11:
143–150.
21. De Chateau P, Wiberg B (1977) Long-term effect on mother-infant behaviour
of extra contact during the first hour post partum. II. A follow-up at three
months. Acta Paediatrica Scand 66: 145–151.
22. Righard L, Alade OM (1990) Effects of delivery room routines on success of
first feed. Lancet 336: 1105–1107.
23. Svejda M, Carlsson SG, Larsson K (1979) Effects of extended post-partum
mother-child contact on the mother’s behavior during nursing. Infant behav for
dev 2: 319–324.
24. Nyqvist KH, Ewald U (1997) Successful breastfeeding in spite of early mother-
baby separation for neonatal care. Midwifery 13: 24–31.
25. Renfrew MJ, Lang S, Woolridge MW (2000) Early versus delayed initiation of
breastfeeding. Cochrane Database Syst Rev 2: CD000043.
26. Hwang CP (1980) Aspects of the mother-infant relationship during nursing, 1
and 6 weeks after early extended post-partum contact. Early Human
Development 5: 279–287.
27. Hales DJ, Lozoff B, Sosa R, Kennell JH (1977) Defining the limits of the
maternal sensitive period. Dev Med Child Neurol 19: 451–461.
28. Jansson UM, Mustafa T, Khan MA, Lindblad BS, Widstro¨m AM (1995) The
effects of medically-orientated labour ward routines on prefeeding behaviour
and body temperature in newborn infants. J Trop Pediatr 41: 360–363.
29. Long JG, Philip AGS, Lucey JF (1980) Excessive handling as a cause of
hypoxemia. Pediatrics 65: 203–207.
30. Ali Z, Lowry M (1981) Early maternal-child contact: effects on later behaviour.
Dev Med Child Neurol 23: 337–45.
31. Buranasin B (1991) The effects of rooming-in on the success of breastfeeding
and the decline in abandonment of children. Asia-Pacific J Public Health 5:
217–220.
32. Lvoff NM, Lvoff V, Klaus MH (2000) Effect of the Baby Friendly Initiative on
infant abandonment in a Russian hospital. Arch Pediatr Adolesc Med 154:
474–477.
33. Widstro¨m AM, Thingstrom-Paulsson J (1993) The position of the tongue
during rooting reflexes elicited in newborn infants before the first suckle. Acta
Paediatrica 82: 281–283.
34. Sroufe LA, Fox NE, Pancake VR (1983) Attachment and dependency in
developmental perspective. Child development 54: 1615–1627.
35. Sroufe LA (2005) Attachment and development: a prospective, longitudinal
study from birth to adulthood. Attachment & Human development 7: 349–367.
36. Gottlieb G, Lickliter R (2004) The various roles of animal models in
understanding human development. Social development 13: 311–325.
37. Harlow HF (1961) The development of affectional patterns in infant monkeys.
In: Foss BM, ed. Determinants of Infant Behaviour, volume 1. London:
Methuen.
38. Bowlby J (1969) Attachment and Loss, volume 1, Attachment. New York: Basic
Books.
39. Denenberg VH (1975) Effects of exposure to stressors in early life upon later
behavioral and biological processes. In: Levi L, ed. Society, stress, and disease:
Childhood and adolescence (Vol. 2). New York: Oxford Univ. Press. pp
269–28.
40. Plotsky PM, Meaney MJ (1993) Early postnatal experience alter hypothalamic
corticotrophin-releasing factor (CRF) mRNA, median eminence CRF content
and stress-induced release in adult rats. Mol Brain Res 18: 195–200.
41. Meaney MJ, Dioro J, Francis D, Widdowson J, LaPlante P, et al. (1996) Early
environmental regulation of forebrain glucocorticoid receptor gene expression:
implications for adrenocortical responses to stress. Dev Neurosci 18: 49–72.
42. Liu D, Caldji C, Sharma S, Plotsky PM, Meaney MJ (2000) Influence of
neonatal rearing conditions on stress-induced adrenocorticotropin responses
and norepinephrine release in the hypothalamic paraventricular nucleus.
J Neuroendocrinol 12: 5–12.
43. Pryce CR, Bettschen D, Bahr NI, Feldon J (2001) Comparison of the effects of
infant handling, isolation and non handling on acoustic startle, prepulse inhibition,
locomotion and HPA activity in the adult rat. Behav Neurosci 115: 71–83.
44. Ladd CO, Huot RL, Thrivikraman KV, Nemeroff CB, Meaney MJ, et al.
(1996) Long-term behavioral and neuroendocrine adaptations to adverse early
experience. Prog Brain Res 122: 81–103.
Neonatal Handling
PLoS ONE | www.plosone.org 8 April 2009 | Volume 4 | Issue 4 | e5216
45. Harlow HF, Dodsworth RO, Harlow MK (1965) Total social isolation in
monkeys. Proc Natl Acad Sci USA 54: 90–97.
46. Champoux M, Coe CL, Schanberg S, Kuhn C, Suomi SJ (1989) Hormonal
effects of early rearing conditions in the infant rhesus monkey. Am J Primatol
19: 111–117.
47. Kraemer GW (2003) Psychobiology of early social attachment in rhesus
monkeys. Clinical implications. Ann NY Acad Sci 15: 401–408.
48. Hinde RA, Spencer-Booth Y, Bruce M (1966) Effects of 6-day maternal
deprivation on rhesus monkey infants. Nature 210: 1021–1023.
49. Hinde RA, Spencer-Booth (1971) Towards understanding individual differ-
ences in rhesus mother-infant interaction. Anim Behav 19: 165–173.
50. Ainsworth MDS, Blehar MC, Waters E, Wall S (1978) Patterns of attachment:
a psychological study of the strange situation. Hillsdale, NJ (USA): Lawrence
Erlbaum Associates.
51. Stern JS (1996) Somatosensation and maternal care in Norway rats. In:
Rosenblatt JS, Snowdon CT, eds. Advances in the study of behavior 25. San
Diego: Academic Press. pp 243–294.
52. Pryce CR (1996) Socialization, hormones and the regulation of maternal
behavior in nonhuman simian primates. In: Rosenblatt JS, Snowdon CT, eds.
Parental care: Evolition, mechanisms and adaptative significance. Advances in
the study of behavior 25. San Diego: Academic press. pp 423–473.
53. Crowell-Davis SL, Weeks J (2005) Maternal behaviour and mare-foal
interaction. In: Mills DS, Mc Donnell SM, eds. The domestic horse
pp 126–138, Cambridge: Cambridge University Press.
54. Moons CPH, Laughlin K, Zanella AJ (2005) Effects of short-term maternal
separations on weaning stress in foals. Appl Anim Behav Sci 91: 321–335.
55. Sevi A, Caroprese M, Annicchiarico G, Albenzio M, Taibi L, et al. (2003) The
effect of a gradual separation from the mother on later behavioral, immune and
endocrine alterations in artificially reared lambs. Appl Anim Behav Sci 83:
41–53.
56. Goursaud AP, Nowak R (1999) Colostrum mediates the development of
mother preference by newborn lambs. Physiol Behav 67: 49–56.
57. Nowak R, Murphy TM, Lindsay DR, Alster P, Anderson R, et al. (1997)
Development of a preferential relationship with the mother by the newborn
lamb: importance of the sucking activity. Physiol Behav 62: 681–688.
58. Henry S, Richard-Yris MA, Hausberger M (2006) Influence of various early
human-foal interferences on subsequent human-foal relationship. Dev
Psychobiol 48: 712–718.
59. Hausberger M, Henry S, Larose C, Richard MA (2007) First suckling: a crucial
event for mother-young attachment? An experimental study in horses (Equus
caballus). J Comp Psychol 121: 109–112.
60. Carson K, Wood-Gush DGM (1983) Equine behaviour: I. A review of the
literature on social and dam foal behavior. Appl Anim Ethol 10: 165–178.
61. Miller RM (1991) Imprint training of the newborn foal. Colorado Springs:
Western Horseman Inc.
62. Fairbanks LA (1996) Individual differences in maternal style: cause and
consequences for mothers and offspring. Advances in the study of behaviour
25: 579–611.
63. Crowell-Davis SL (1986) Spatial relations between mares and foals of the Welsh
pony (Equus caballus). Anim Behav 34: 1007–1015.
64. Wolff A, Hausberger M (1994) Behaviour of foals before weaning may have
some genetic basis. Ethology 96: 1–10.
65. Waring GH (2003) Horse behaviour. The behaviour traits and adaptations of
domestic and wild horses, including ponies. New Jersey: Noyes publ. (2d
edition). 442 p.
66. Seligman ME, Maier SF, Geer JH (1968) Alleviation of learned helplessness in
the dog. J Abnorm Psychol 73: 256–262.
67. Simpson BS (2002) Neonatal foal handling. Appl Anim Behav Sci 78: 303–317.
68. Lamb ME (1977) Father-infant and mother-infant interaction in the first year
of life. Child Dev 48: 167–181.
69. Sinno SHP, van Dijk M, Anand KS, Roofthooft D, Van Lingen RA, et al.
(2003) Do We Still Hurt Newborn Babies? A Prospective Study of Procedural
Pain and Analgesia in Neonates. Arch Pediatr Adolesc Med 157: 1058–64.
70. Gray L, Watt L, Blass EM (2000) Skin-to-Skin Contact Is Analgesic in Healthy
Newborns. Pediatrics 105: 14–20.
71. Mo¨relius E, Hellstro¨m-Westas L, Carle´n C, Norman E, Nelson N (2006) Is a
nappy change stressful to neonates? Early Human Development 82: 669–676.
72. Anand KJ, Scalzo FM (2000) Can adverse neonatal experiences alter brain
development and subsequent behavior? Biol Neonate 77: 69–82.
73. Caldji C, Francis D, Sharma S, Plotsky PM, Meaney MJ (2000) The effects of
early rearing environment on the development of GABAA and central
benzodiazepine receptor levels and novelty-induced fearfulness in the rat.
Neuropsychopharmacol 22: 219–229.
74. Walker CD, Anand KJ, Plotsky PM (2001) Development of the hypothalamic–
pituitary–adrenal axis and the stress response. In: McEwen BS, ed. Handbook
of Physiology: Coping with the Environment. New York: Oxford Univ. Press.
pp 237–270.
75. Veissier I, Boissy A, Nowak R, Orgeur P, Poindron P (1998) Ontogeny of social
awareness in domestic herbivores. Appl Anim Behav Sci 57: 233–245.
76. Blass EM, Shide DJ, Zaw-Mon C, Sorrentino J (1995) Mother as a shield:
differential effects of contact and nursing on pain responsivity in infant rats:
evidence for nonopioid mediation. Behav Neurosci 109: 342–353.
77. Blass EM, Watt LB (1999) Suckling- and sucrose-induced analgesia in human
newborns. Pain 83: 611–623.
78. Goldberg S, Grusec JE, Jenkins JM (1996) Confidence in protection: Arguments
for a narrow definition of attachment. J Family Psychol 13: 475–483.
79. Nievar MA, Becker BJ (2008) Sensitivity and attachment: A second perspective
of De Wolff and van IJzendoorns meta-analysis. Social Development 17:
102–114.
80. McElwaint NL, Booth-LaForce C (2006) Maternal Sensitivity to Infant Distress
and Nondistress as Predictors of Infant-Mother Attachment Security. J Family
Psychol 20: 247–255.
81. Egeland B, Ferber E (1984) Infant-mother attachment: Factors related to its
development and change over time. Child Dev 55: 753–771.
82. Goldberg S, Perrotta M, Minde KM, Corter C (1986) Maternal behavior and
attachment in low birthweight twins and singletons. Child Dev 57: 34–46.
83. Pederson D, Moran G, Sitko C, Campbell K, Ghesquire K, et al. (1990)
Maternal sensitivity and the security of infant attachment: a Q-sort study. Child
Dev 61: 1974–1983.
84. Rosenblum LA, Paully GS (1984) The effects of varying environmental
demands on maternal and infant behavior. Child Development 55: 305–314.
85. Lyons DM, Kim S, Schatzberg AF, Levine S (1998) Postnatal foraging
demands alter adrenocortical activity and psychosocial development. Dev
Psychobiol 32: 285–291.
86. Houpt C (2002) Formation and dissolution of mare-foal bond. Appl Anim
Behav Sci 78: 1–11.
87. Schaal B, Marlier L (1998) Maternal and paternal perception of individual
odour signatures in human amniotic fluid, potential role in early bonding? Biol
Neonate 74: 266–273.
88. Le´vy F, Poindron P, Le Neindre P (1983) Attraction and repulsion by amniotic
fluids and their olfactory control in the ewe around parturition. Physiol Behav
31: 687–692.
89. Poindron P, Nowak R, Le´vy F, Porter RH, Schaal B (1993) Development of
exclusive bonding in sheep and goats. Oxford Rev Reprod Biol 15: 311–364.
90. Schaal B, Orgeur P, Arnold C (1995) Olfactory preferences in newborn lambs:
possible influence of prenatal experience. Behaviour 132: 251–263.
91. Polan HJ, Hofer MA (1999) Maternally directed orienting behaviors of
newborn rats. Dev Psychobiol 34: 269–279.
92. Michelsson K, Christensson K, Rothganger H, Winberg J (1996) Crying in
separated and non-separated newborns: Sound spectrographic analysis. Acta
Paediatrics 85: 471–475.
93. Shapiro S, Salas M (1970) Behavioral responses of infant rats to maternal odor.
Physiol Behav 5: 815–817.
94. Oswalt GL, Meier GW (1975) Olfactory, thermal and tactual influences on
infantile ultrasonic vocalizations in rats. Develop Psychobiol 8: 129–135.
95. Noirot E, Alegria J (1983) Neonate orientation towards human voice differs
with type of feeding. Behav Process 8: 65–71.
96. Smotherman WP, Robinson SR (1989) Rat fetuses respond to chemical stimuli
in gas phase. Physiol Behav 47: 863–868.
97. Brake SC, Sager DJ, Sullivan R, Hofer MA (1982) The role of intra-oral and
gastro-intestinal cues in the control of sucing and milk consumption in rat pups.
Developmental Psychiobiology 15: 529–542.
98. Als H, Gilkerson L (1995) Developmentally supportive care in the neonatal
intensive care unit. Zero to Three 15: 1–10.
99. Egeland B, Erickson M (1987) Psychologically unavailable caregiving. In:
Brassard M, Germain B, Hart S, eds. Psychological maltreatment of children
and youth. Elmsford, NY: Pergamon. pp 110–120.
100. Feldman R (2007) Parent-infant synchrony and the construction of shared
timing: Physiological precursors, developmental outcomes, and risk conditions.
Journal of Child Psychology and Psychiatry 48: 329–354.
101. Jaffe J, Beebe B, Feldstein S, Crown CL, Jasnow MD (2001) Rhythms of
dialogue in infancy: coordinated timing in development. Monogr Soc Res
Child Dev 66: 1–132.
102. Pastor DL (1981) The quality of mother-infant attachment and its relationship
to toddlers’ initial sociability with peers. Dev Psychol 17: 326–335.
103. Waters E, Wippman J, Sroufe LA (1979) Attachment, positive affect, and
competence in the peer group: Two studies in construct validation. Child Dev
50: 821–829.
104. Fleming AS, Li M (2002) Psychobiology of maternal behavior and its early
determinants in nonhuman mammals. In Bornstein MH, ed. Handbook of
parenting. Mahwah, NJ: Erlbaum. pp 61–97.
105. Fleming AS, O’Day D, Kraemer GW (1999) Neurobiology of mother-infant
interactions: experience and central nervous system plasticity across develop-
ment and generations. Neurosci Biobehav Rev 23: 673–685.
106. Rosenblatt JS, Siegel HI, Mayer AD (1979) Progress in the study of maternal
behavior in the rat: Hormonal, nonhormonal, sensory, and developmental
aspects. In Rosenblatt JS, Hinde RA, Shaw E, Beer C, eds. Advances in the
study of behaviour 10. New York: Academic. pp 225–311.
107. Arnold JL, Siviy SM (2002) Effects of neonatal handling and maternal
separation on rough-and-tumble play in the rat. Dev Psychobiol 41: 205–215.
108. Pryce CR, Ru¨edi-Bettschen D, Dettling AC, Weston A, Russig H, et al. (2005)
Long-term effects of early-life environmental manipulations in rodents and
primates: Potential animal models in depression research. Neurosci Biobehav
Rev 29: 649–674.
109. Bertin A, Hausberger M, Henry L, Richard-Yris MA (2007) Adult and peer
influences on starling song development. Dev Psychobiol 49: 362–374.
110. Siegel S, Castellan NJ Jr (1988) Non parametric statistics for the behavioural
sciences (2nd Edition). New York: Ed. McGraw-Hill.
Neonatal Handling
PLoS ONE | www.plosone.org 9 April 2009 | Volume 4 | Issue 4 | e5216
